Abstract: This paper focuses on stability and H ∞ performance analysis for a class of continuous-time Markovian jump systems with unknown transition probability and time-varying delay. Based on the free-connection weighting matrix method, the less conservative stability criterion and bounded real lemma (BRL) of Markovian jump systems with time-varying delay are obtained by considering the influence of partly unknown transition probability or completely unknown transition probability. Finally, numerical examples are given to illustrate the effectiveness and the merits of the proposed method.
INTRODUCTION
Since Markovian jump systems (MJSs) can model stochastic systems with abrupt structural variation resulting from the occurrence of some inner discrete events in the system such as failures and repairs of machine in manufacturing systems, modifications of the operating point of a linearized model of a nonlinear system and so on, thereby, the stability problem of MJSs becomes one of the most important research issues in the fields of control theory and engineering applications.
However, previous literature usually assumed that the information of transition probabilities of MJSs are completely accessible. Much attention has been drawn to investigate these systems for their stability, e.g., Lou and Cui (2007) ; Zhang and Wang (2008) ; Li, et al. (2009) , stabilization, e.g., Chen, Guan and Lu (2004) ; Shu, Lam and Xu (2006) , H ∞ control and filtering problem, e.g., Shi, et al. (2006) ; Mahmoud (2008) ; Wang, Zhang and Sreeram (2009) ; Xu and Mao (2007) , etc. A typical example can be found in networked control system (NCS), the packet dropout and channel delay are well-known to be modeled by Markov chains, and it is usual assumed that the transition probabilities are accessible. As a matter of fact, all or part of the information of transition probabilities is hard or costly to obtain, which cause the transition probabilities are incompletely known. The same problems may arise in other practical systems with jumps. So it is necessary to further consider more general jump systems with partial information on transition probabilities whether in theory or in practice.
Although Zhang and Boukas (2009a,b,c,d) and Wu, Su and Chu (2009) considered the general MJSs with partly unknown transition probabilities, time-delay is not included. It is well known that time-delay is commonly found in control system. During the past decades, considerable attention has been devoted to the study of such systems with time-delay, e.g. delay-dependent H ∞ control and filtering for uncertain Markovian jump system with time-varying delay is investigated in Xu and Mao (2007) , improved exponential stability for Markovian jump systems with nonlinearity and time-varying delay is study in He, et al. (2010) . Unfortunately, these results are only applicable to the system whose transition rates are completely known.
In order to get wide application results, Zhang, Boukas and Lam (2009) discussed the discrete-time Markov jump linear systems (DMJLSs) with partly unknown transition probabilities and time-varying delay. Nevertheless, when Zhang et al. separated the terms included unknown transition probabilities, the fixed connection weighting matrices were selected, i.e. the connection weighting matrices P i were selected in Zhang, Boukas and Lam (2009) , it is easy to lead to the conservative results. The similar method is also used to deal with continuous-time MJSs in Zhang and Boukas (2009a,b,c,d) and Wu, Su and Chu (2009) .
In this paper, based on the free-connection weighting matrix method proposed by Zhang et al. (2011) , the problems of stochastic stability and H ∞ performance analysis for MJSs with time-varying delay are discussed. Through introducing more freely selected connection weighting matrices W 1i and W 2i , i ∈ S to express the relationship among subsystems, more general stability criteria are obtained. Finally, numerical examples are given to illustrate the effectiveness and the merits of the proposed method.
Notation: In this paper, R n , and R n×m denote, respectively, the n-dimensional Euclidean space and the set of all n × m real matrices.The notation P > 0 (P ≥ 0) means that P is real symmetric and positive definite(semipositive-definite) matrix. E{·} stands for the mathematical expectation.
2 }dt < ∞. Matrices, if their dimensions are not explicitly stated are assumed to be compatible for algebraic operations.
PROBLEM FORMULATION
Consider the following MJSs with time-varying delaẏ
n is the state vector and
, is a timevarying differentiable function and satisfies
The state space matrices A(r t ),
, D 2 (r t ) are real known with appropriate dimensions, which depend on a Markov process taking values in the finite set S = {1, 2, . . . , N } with the associated transition rate matrix Π = (π ij ) ∈ R N ×N , whose elements are given by
is the transition rate from mode i at time t to mode j at time t + , and
In this paper, the transition rates of continuous-time MJSs are considered to be partly accessible. For instance, the transition rate matrix Π for system (1)- (2) with N operation modes is expressed as 
where '?' represents the unknown transition rate. For notation clarity, ∀i ∈ S, the set U i denotes
Remark 1. It is worthwhile to note that the Markov process {r t , t ∈ R + } is commonly assumed to be completely known (i.e. U i uk = ∅ and U i = U i k for all r t = i ∈ N ) in the most existing literatures. When the partial information on transition probability is inaccessible or the elements of transition rate matrix are hard to calculate, these results are no longer applicable, while no matter the Markov process of system is accessible or not, all conditions will be considered in this paper. Therefore, the results are able to cover the existing ones.
For the sake of simplicity, the solution x(t, x 0 , r 0 ) of system (1) with r 0 ∈ S is denoted by x(t). It is known from Xu and Mao (2007) that {x(t), r t } is a Markov process with an initial state (x 0 , r 0 ), and its weak infinitesimal generator, acting on function V , is defined in Kushner (1967) ; Skorohod (1989) .
Throughout this paper, the following definition is also used. More details refer to Boukas (2005) . Definition 2. The system (1) is said to be stochastically stable if the following holds
Definition 3. Given a scalar γ > 0, system (1)-(2) is said to be stochastically stable and satisfies disturbance attenuation level γ if it is stochastically stable and achieves the H ∞ -norm constraint
for all nonzero w(t) ∈ l 2 [0, ∞) under zero initial condition.
DELAY-DEPENDENT STABILITY
In this section, the problem of stochastic stability for MJSs is investigated based on the free-connection weighting matrix method. Theorem 4. Given scalars h > 0 and µ, system (1) with w(t) = 0 is stochastically stable for arbitrary d(t) satisfying (3) if there exist matrices
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where
Proof. Construct a stochastic Lyapunov functional candidate as
where P (r t ) > 0, Q 1 (r t ) ≥ 0, Q 2 (r t ) ≥ 0, R ≥ 0, and Z ≥ 0 are all matrices with appropriate dimensions and to be determined.
, and the weak infinitesimal operator L of the stochastic process {x(t), t ≥ h} along the evolution of V (x t , t, i) with w(t) = 0 is given as follows
Taking into account the situation that the information of transition probabilities is not accessible completely, the following zero equations hold for arbitrary matrices
In addition, in order to obtain the main results, the following zero equations are used in the derivation by introducing the free weighting matrices. More details can be found in He et al. (2007) .
Adding the left sides of (17)- (20) into (16) yields 
On the other hand, by applying Schur complement to inequalities (7) and (8), and pre-and post-multiplying the left sides of them by diag{I, −hI}, respectively, result in
and (7)- (11) and (13)are satisfied, (21) implies that there exists a scalar c > 0 such that for each i ∈ S
And when i ∈ U i uk and (7)- (14) are satisfied, there still exists a scalar c such that (22) holds.
Therefore, regardless of whether the transition probability is accessible, conditions (7)- (14) imply that system (1) with w(t) = 0 is stochastically stable. The proof is completed.
H ∞ PERFORMANCE ANALYSIS
Considering the effect of disturbance on MJSs with partly unknown transition rate, the following bounded real lemma (BRL) is derived. Theorem 5. Given scalars h > 0, γ > 0 and µ, system (1)- (2) is stochastically stable and satisfies disturbance attenuation level γ for arbitrary d(t) satisfying (3) if there exist matrices
such that LMIs (9)-(14) and the following LMIs are feasible for i = 1, 2, . .
wherē
Proof. Since LMIs (23) and (24) imply LMIs (23) and (8) hold for ∀i ∈ S. The same Lyapunov function (16) ensures that system (1) with w(t) = 0 is stable based on the Theorem 4 if (9)- (14), (23) and (24) are satisfied.
Next, in order to investigate the H ∞ performance of the MJSs (1)-(2) under the zero initial condition, we define
Note that the following equation holds for each r t = i ∈ S.
Applying (26) into (25) yields
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Note that LMIs (23) and (24) are equivalent to the following LMIs, respectively, by applying Schur complement.
Therefore, feasible solutions of LMIs (9)- (14), (23) and (24) ensure J < 0, which means that inequlity (6) Zhang and Boukas (2009d) which are only suitable to the system without time-delay, Theorem 5 is applied more widely.
Without consideration of the influence of time-delay, i. e.
The following Corollary is obtained. Corollary 7. Given a scalar γ > 0, system (1)- (2) with 
7 is equivalent to Lemma 2 in Zhang and Boukas (2009d) . While the free-connection weighting matrices W 1i may provide freedom to be chosen, and less conservative results than those in Zhang and Boukas (2009d) are derived.
NUMERICAL EXAMPLES
In this section, two examples are provided to illustrate the effectiveness and the merits of the free-connection weighting matrix method. Example 9. Consider the stability with H ∞ performance of continuous-time MJSs (1)- (2) 
The partly transition rate matrix Π is given as Furthermore, in order to illustrate the merits of the proposed method, the following example is provided. where A di = 0, E di = 0, i = 1, 2, 3, 4, and transition rate matrices (Case I and II) are described in Example 9.
Both Lemma 2 in Zhang and Boukas (2009d) and Corollary 7 in this paper are used to discuss the disturbance attenuation level γ of MJSs with two different transition rate matrices. The optimal disturbance attenuation level γ min for the corresponding system are listed in Table 2 . It is seen that our results improve the existing results both theoretically and numerically.
CONCLUSION
In this paper, delay-dependent stochastic stability problem and H ∞ performance analysis for MJSs with time-varying delay and partial information on transition probabilities have been investigated. As a result, less conservative LMIbased stochastic stability criterion and BRL are obtained without ignoring the effect of time-varying delay by using free-connection weighting matrix method. Numerical examples have been given to illustrate the effectiveness and the merits of the proposed method.
